Proceedings  ofLAMP2009  -  the  5th  International  Congress  on  Laser  Advanced  Materials  Processing 


Laser  hybrid  fabrication  of  nanoporous  structures 
on  metallic  material  surface 

Yide  KAN,  Yu  GU,  Changsheng  DONG,  Minlin  ZHONG,  Wenjin  LIU,  Mingxing  MA,  Hongjun  ZHANG 

Key  Laboratory  for  Advanced  Materials  Processing  Technology,  Ministry  of  Education, 

Laser  Processing  Research  Center,  Department  of  Mechanical  Engineering,  Tsinghua  University, 

Beijing,  100084,  China 
E-mail:  zhml@tsinghua.edu.cn 


This  paper  reports  a  novel  approach  to  fabricate  Cu-Mn  nanoporous  structures  by  laser 
deposition  hybrid  with  electrolyte  dealloying.  Cu25Mn75  alloy  layers  free  of  cracks  were  fabricated 
by  laser  deposition  onto  a  mild  steel  surface.  The  dendrite  microstructure  of  the  as-deposited  layer 
was  further  processed  by  laser  remelting  to  refine  the  grain  size  and  change  the  morphology  to  be 
cellular  crystalline.  Electrolyte  dealloying  was  then  applied  on  the  as-deposited  and  remelted  layers. 
Uniform  porous  microstructure  will  form  under  optimized  electrode  current  density  to  be  about  5 
mA/cm^.  The  size  of  the  porous  structure  decreases  with  the  increase  of  laser  remelting  speed. 
Nanoporous  structure  is  available  with  remelting  speed  up  to  83  mm/s.  A  minimum  size  of 
nanoporous  structure  was  achieved  to  be  35.2  nm  up  to  date  with  this  laser  dealloying  hybrid 
method.  The  Nanoporous  Cu-Mn  stmcture  was  further  electrolessly  plated  of  Ni  to  form  a 
nanoporous  Cu-Ni  composite  coating.  The  Cyclic  voltammetry  curves  indicate  that  both  the 
nanoporous  Cu  coatings  and  the  nanoporous  Cu-Ni  composite  coatings  show  electrochemical 
catalysis  properties.  The  Cu-Ni  composite  coatings  with  20  minute  Ni  plating  demonstrates  the  best 
catalysis  properties,with  oxidation  peak  current  density  up  to  about  60  mA/cm^. 
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1.  Introduction 

Nanoporous  metals  exhibit  novel  physical  and  chemi¬ 
cal  properties,  showing  a  promising  potential  for  scientific 
research  and  engineering  applications  such  as  catalyst, 
electrochemical  catalysis,  detecting,  sensing  and  so  on^*’ 
Dealloying  is  considered  an  effective  method  to  yield 
nanoporous  metals,  by  which  one  or  more  elements  are 
selectively  chemically  or  electrochemically  etched  from  the 
matrix  owing  to  their  high  reactivity.  This  causes  structural 
instability  and  results  in  porosity^^l  In  order  to  achieve  de¬ 
alloying  or  selective  dissolution,  two  criteria  about  the 
chemical  potential  difference  and  composition  limit  must 
be  satisfied.  One  element  of  the  alloy  should  be  more  reac¬ 
tive,  such  as  Al,  Mn,  Zn,  Zr,  Ni,  and  the  other  should  be 
more  noble,  such  as  Au,  Pt,  Cu.  The  electric  potential  is 
controlled  to  dissolve  only  the  reactive  element  The 
nano-porous  metals  are  normally  made  of  noble  metal  fdms 
such  as  Cu-Pt,  Ag-Au  and  Cu-Au,  prepared  by  arc  melting, 
magnetic  spattering  and  electrodeposit,  which  limits  their 
application  research  Erlebacher^’^^  classified  that 

pores  were  formed  because  the  more  noble  atoms  are 
chemically  driven  to  aggregate  into  two-dimensional  clus¬ 
ters  by  a  phase  separation  process  at  the  solid-electrolyte 
interface. 

Cu-Mn  binary  alloy  displays  single-phase  solid  solu¬ 
tion  across  the  whole  compositional  range,  and  the  standard 
reversible  potential  difference  between  Mn  and  Cu  is 
1.447V,  which  provides  the  maximum  flexibility  in  tailor¬ 
ing  the  dealloying  process.  Pryor^'"*’  studied  the  dealloy¬ 
ing  behavior  of  Cu-Mn  alloys.  They  indicated  that  the  deal¬ 
loying  process  involves  electrochemical  removal  of  more 


electronegative  solute  atoms  from  the  surface  and  collapse 
of  residual  atoms  into  equilibrium  lattice  positions,  fol¬ 
lowed  by  surface  opening  up  to  the  solution  ingress  and 
pores  forming.  However,  delloying  kinetics  and  the  pore 
size  dependent  on  the  microstructure  of  the  original  alloy. 
Therefore  they  never  obtain  nano-structure  materials  from 
cold-rolled  or  annealed  Cu-Mn  alloys  hybrided  dealloying 
process.  Because  the  as-homogenized  Cu-Mn  alloys  by 
conventional  heat  treatment  consist  of  manganese -rich  and 
copper-rich  region,  which  is  unfavourable  for  nanostructure 
forming. 

This  paper  reports  a  novel  approach  to  fabricate  nano¬ 
porous  copper  coatings  on  mild  steel  by  a  two-step  process 
involving  high  power  laser  deposition  followed  by  selec¬ 
tive  anodic  etching  of  the  less  noble  component  (Mn)  from 
the  alloy.  Here,  the  microstructures  of  the  layers  were  in¬ 
vestigated  using  SEM,  and  mercury  porosimeter.  Polariza¬ 
tion  of  the  alloy  coatings  were  investigated  using  an  elec¬ 
trochemical  analysis  system,  and  the  electrochemical  ca¬ 
talysis  properties  of  nano-porous  metals  was  also  studied. 

2.  Experimental  Procedure 

The  mild  steel  plates  in  size  of  200mm  X  50mm  X 
15mm  were  used  as  the  substrate  in  this  work..  Before  laser 
deposition,  the  substrate  surface  was  polished  using  600 
grit  metallurgical  paper  and  rinsed  with  ethanol  and  ace¬ 
tone.  Laser  depositing  Cu25Mn75(at.%)  alloy  coatings 
were  conducted  using  PRC-3000  continuous  wave  CO2 
laser  processing  system  in  argon  shielding  atmosphere. 
Laser  remelting  was  carried  out  at  different  speed  when 
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laser  deposited  eoatings  eooled  down.  The  parameters  of 
laser  proeessing  were  listed  in  Table  1. 


Table  1  Laser  processing  parameters 


Process 

Laser  power 

Scanning  speed 

Laser  diame¬ 

(KW) 

(mm/s) 

ter  (mm) 

Deposition 

1. 1-1.5 

4.0~6.0 

2.5-3.0 

Remelting 

2.0~2.4 

30.0-140.0 

2.5-3.0 

Metallographie  eross-seetions  of  samples  were  pre¬ 
pared  perpendieular  to  the  seanning  direetion.  Samples  for 
dealloying  were  prepared  parallel  to  the  surfaee  and  along 
the  seanning  direetion.  Then  they  were  polished  with  1200 
grit  abrasive  paper.  An  EG&G  273A  Eleetro-Chemieal 
Comprehensive  Test  &  Measurement  System  was  used  in 
the  eleetroehemieal  dealloying  with  a  platinum  eounter 
eathode  and  a  saturated  ealomel  referenee  eleetrode.  Deal¬ 
loying  proeess  was  eondueted  in  O.IM  HCl  aqueous  solu¬ 
tion  about  3  hours  at  room  temperature.  After  dealloying, 
the  samples  were  taken  out  from  the  eleefrolyte  and  rinsed 
in  de-ionized  water  and  aeetone.  The  dealloyed  samples 
were  then  allowed  to  air  dry. 

Eleetroless  plating  Ni  on  nanoporous  eopper  eoatings 
was  eondueted  and  ammonia  spirit  was  used  in  order  to 
adjust  the  PH  value  to  7.  Eleetroehemieal  eatalysis  proper¬ 
ties  of  the  nano-porous  eoatings  was  investigated  through 
eyelie  voltammefrie  eurves  measured  by  EG&G  273A, 
with  (Ni(OH)2NiOOH)  as  auxiliary  eleetrode  and  a  satu¬ 
rated  ealomel  referenee  eleetrode.  Eleefrolyte  is  potassium 
hydroxide  deionized  aqueous  solution. 

The  mierostmetures  of  dealloyed  eoatings  were  ehar- 
aeterized  using  seanning  eleetron  mieroseopy  (JSM- 
6460LV  SEM)  equipped  with  X-ray  energy  dispersive 
speetroseopy  (INCA  X-sight  7573  X-EDS).  A  mereury 
porosimeter  (Auto-pore  IV  9510)  was  used  to  identify  the 
pore  size  distribution. 

3.  Results 

3.1  Laser  processing 

The  parameters  of  laser  deposition  were  optimized  to 
aehieve  sound  Cu-Mn  layers  with  the  thiekness  of  700  pm, 
free  of  eraeks,  pores  or  inelusion.  The  dilution  was  speeifi- 
eally  eontrolled  to  avoid  the  designed  eomposition  of  the 
Cu-Mn  alloy  to  be  modified  by  the  melted  Fe  from  the  sub¬ 
strate  and  thus  to  obtain  a  mierostrueture  with  a  single  solid 
solution,  as  required  to  form  nano-porous  stmeture  by  elee- 
trolyte  dealloying.  Mierostrueture  of  the  deposited  layers  is 
eharaeterized  typieally  eoarse  regular  dendrites  (Fig. la). 

The  dendrite  mierostrueture  of  the  as-deposited  layer 
was  further  proeessed  by  laser  remelting  to  refine  the  grain 
size  and  ehange  the  morphology  (Fig.lb-d).  It  is  obvious 
that  the  deposited  mierostrueture  transformed  into  eolum- 
nar  grain,  equiaxed  grain,  then  eellular  grain  gradually,  as 
the  seanning  speed  or  eooling  rate  inereases. 

3.2  Electrochemical  dealloying 

Current  density  is  proportional  to  the  amount  of  dis¬ 
solved  Mn  atoms.  The  dissolution  potential  when  eurrent 
density  of  5mA/em^  was  defined  as  the  eritieal  potential. 
Eleefrolyte  dealloying  was  finally  preformed  on  the  as- 


deposited  and  remelted  layers.  Mierostreture  of  eleetro- 
ehemieally  dealloyed  eoatings  is  an  intereonneeted  bieon- 
tinuous  network  of  pores  (fig.2a-d). 


Fig.  1  Mierostrueture  of  laser  processed  Cu-Mn  coatings 
ajMicrostructure  of  deposited  coatings 

b)  Mierostrueture  of  remelted  coatings  at  33mm/s 

c)  Mierostrueture  of  remelted  coatings  at  83mm/s 

d)  Mierostrueture  of  remelted  coatings  at  133mm/s 
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Dealloyed  as-deposited  Cu-Mn  alloy  layers  were  ehar- 
aeterized  an  intereonneeted  bieontinuous  network.  Pores  in 
size  of  about  500-900  nm  formed  in  this  stmeture.  After 
laser  remelting  with  seanning  speed  of  33  mm/s,  the  porous 
size  ranges  from  100  to  500  nm.  Nano-porous  stmeture  is 
available  with  remelting  speed  up  to  83  mm/s.  The  size  of 
nano-porous  stmeture  deereases  with  the  inerease  of  laser 
remelting  speed.  A  minimum  size  of  nano-porous  stmeture 
is  35  nm  up  to  date  with  this  laser  hybrid  dealloying 
method  (Fig.2d).  The  porosity  and  speeifie  surfaee  area 
eould  be  as  high  as  70%  and  65.3  mVg  separately. 


Fig.  2  Microstructure  of  dealloyed  Cu-Mn  coatings 


(a)  Microstructure  of  dealloyed  coatings  by  laser  depositing, 

(b) -(d)  Microstructure  of  dealloyed  coatings  by  laser  remelting 

at  33mm/s,  83mm/s  and  133mm/s,  separately 

The  major  differenee  between  the  dealloyed  miero- 
stmeture  of  laser  depositing  eoatings  and  laser  remelting 
ones  is  attributed  to  the  different  mierostmeture  of  Cu-Mn 
eoatings.  The  dealloying  proeess  eontains  dissolution  of 
Mn  atoms  and  surfaee  diffusion  of  Cu  atoms.  It  has  been 
proven  that  the  initial  mierostmeture  of  the  dealloyed 
speeimen  play  an  important  role  in  mierostmeture  evolu¬ 
tion  of  nano-porous  stmeture  during  the  dealloying  proeess. 
The  key  issue  to  make  porous  stmeture  is  to  obtain  an  ap¬ 
propriate  mierostmeture  in  whieh  a  meehanism  exists  for 
the  penetration  of  the  eleetrolyte  throughout  the  alloy,  and 
for  the  forming  of  a  network  of  intereonneeted  porous 
stmetures.  Thus  small  grain  size  in  the  preeursor  alloys  is 
desirable  for  the  nanoporous  stmeture  beeause  it  provides  a 
large  number  of  grain  boundaries  through  whieh  the  elee¬ 
trolyte  ean  penetrate  the  alloy  There  is  another  interpre¬ 
tation  about  the  behavior  of  grain  boundary  during  eleetro- 
ehemieal  dealloying  proeess.  Grain  boundary  is  a  more 
disordered  region  of  atomie  arrangement,  where  the  density 
of  erystal  defeet  is  abundant.  Therefore  the  potential  of 
grain  boundary  (vs.  SHE)  is  lower  than  the  internal  grain. 
Dealloying  oeeurs  at  grain  boundary  first.  When  the  grain 
is  large  and  the  dendrite  grows  well,  the  grain  boundary 
ean  be  fast  eorrosion  paths  and  thus  bloeks  the  homogene¬ 
ous  dealloying,  whieh  is  unfavorable  for  the  forming  of 
nano-porous  stmeture.  Moreover,  it  has  been  proposed  that 
the  eoneentration  of  the  aetive  metal  is  higher  in  the  grain 
boundary  than  in  the  matrix.  The  grain  boundary  has 
greater  ehemieal  aetivity,  and  would  be  preferentially  at- 
taeked  in  the  early  stage  of  eorrosion.  In  another  word, 
ultra-fine  grains  and  homogeneity  of  the  dealloyed  alloy 
signifieantly  balanee  the  dissolution  proeess  of  more  reae- 
tive  atoms  and  the  rearrangement  of  more  noble  atoms,  and 
therefore  play  a  eritieal  role  in  governing  the  formation  of 
regularly  porous  eopper.  Laser  proeessing  offers  a  promis¬ 
ing  approaeh  for  surfaee  modifieation  due  to  the  ultrafme 
mierostmeture  and  uniform  eomposition.  Thus  it  is  easy  to 
understand  the  pore  size  deereases  as  remelting  speeding 
inereases. 

3.3  Electrochemical  Catalysis  properties 

Nanoporous  copper  layers  with  pores  ranging  from  30 
to  50nm  have  been  fabricated  by  laser  deposition  of  Cu-Mn 
alloy  coatings  on  mild  steel  and  subsequently  dealloying 
process.  In  order  to  achieve  electrochemical  catalysis  prop¬ 
erties  of  nanoporous  metal  coatings,  nanoporous  Cu-Ni 
composite  coatings  were  also  obtained  after  electroless 
plating  of  Ni  on  nanoporous  copper  (Fig.3a-c).  The  pore 
size  and  specific  surface  area  of  the  nano-porous  Cu-Ni 
composite  coating  decreases  with  the  increase  of  the  plat¬ 
ing  time  (Fig.4a-b).  There  is  deficient  Ni  atomic  percentage 
deposited  on  the  nano-porous  copper  coatings  with  elec¬ 
troless  plating  for  only  5  mins.  Therefore  nickel  content  is 
too  small  to  alter  the  mierostmeture  of  nano-porous  copper. 
With  electroless  plating  of  Ni  for  60  mins,  the  nickel  depo¬ 
sition  layer  is  thick  enough  to  modify  nano-porous  stme¬ 
ture,  however  the  Cu-Ni  composite  coatings  are  character- 
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ized  as  nano-porous  materials  with  smaller  size  and  smaller 
specific  surface  area. 


Fig-3  nano-porous  Cu-Ni  composite  coatings 

(a)  nanoporous  coatings  of  electroless  plating  of  Ni  for  5  min 

(b)  nanoporous  coatings  of  electroless  plating  of  Ni  for  20  min 

(c)  nanoporous  coatings  of  electroless  plating  of  Ni  for  60  min 

Cyclic  voltammetry  curves  indicate  that  both 
nanoporous  copper  coatings  and  nanoporous  Cu-Ni  com¬ 
posite  coatings  show  electrochemical  catalysis  properties 
for  redox  reaction  of  hydrogen  as  hydrogen  storage  elec¬ 
trodes  (Fig.  5a-b). 

It  is  well  known  that  hydrogen  reduction  reaction  oc¬ 
curs  individually  on  the  surface  of  polished  copper  elec¬ 
trode  in  alkaline  solution  during  electrolytic  reaction. 
While  cyclic  voltammetry  curves  of  nano-porous  copper 
presents  two  distinct  current  peaks,  hydrogen  reduction 
peak  at  -1.10V(vs.  Hg/HgO)  and  hydrogen  oxidation  peak 
at  -0.44  V(vs.  Hg/HgO). 

It  can  be  interpreted  that  nano-porous  copper  electrode 
plays  an  important  role  to  restore  the  hydrogen  generated 
during  electrolytic  redox  reaction.  Furthermore,  nano¬ 
porous  Cu-Ni  composite  coatings  exhibit  more  excellent 
electrochemical  catalysis  performance,  as  hydrogen  restor¬ 
ing  electrode.  The  maximum  current  density  is  significantly 
improved  during  electrolytic  redox  reaction  when  the  nano¬ 


porous  Cu-Mn  composite  coatings.  Nano-porous  Cu-Ni 
composite  coatings  with  20  minute  Ni  plating  show  the 
best  catalysis  properties,  with  an  oxidation  peak  current 
density  of  about  60  mA/cm^. 


t  (min) 


Fig.  4  (a)  average  pore  siza;  (b)  specific  surface  area  of  the 
nanoporous  Cu-Ni  composite  coating 


-1200  -1000  -800  -600  -400  -200 


E  vs.  Hg/HgO  (mV) 


F  V.S.  Hg/HgO  (mV) 

Fig.  5  (a)  Cyclic  voltammetry  curves  of  nano-porous  copper 
coatings  and  polished  copper  electrode 
(b)  Cyclic  voltammetry  curves  of  nano-porous  Cu-Mn 
composite  coatings 
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4.  Conclusions 

A  novel  approach  to  fabricate  Cu-Mn  nano-porous 
structures  on  any  location  of  conventional  metallic  compo¬ 
nents  is  developed  by  high  power  laser  deposition  hybrid 
with  electrolyte  dealloying.  Cu25Mn75(at.%)  alloy  layers 
free  of  cracks,  pores  or  inclusion  were  fabricated  by  laser 
deposition  onto  a  mild  steel  surface.  The  dendrite  micro¬ 
structure  of  the  as-deposited  layer  was  further  processed  by 
laser  remelting  to  refine  the  grain  size  and  change  the  mor¬ 
phology  to  be  cellular  crystalline. 

Electrolyte  dealloying  is  applied  on  the  as-deposited 
and  remelted  layer  controlling  current  density  about  5 
mA/cm^.  Dealloyed  as-deposited  Cu-Mn  alloy  layers  show 
porous  structure  in  micrometers.  After  laser  remelting  with 
scanning  speed  of  33  mm/s,  porous  structure  ranging  from 
100-500  nm  form.  Nano  porous  structure  is  available  with 
remelting  speed  up  to  83  mm/s.  The  size  of  nano  porous 
structure  decreases  with  the  increase  of  laser  remelting 
speed.  A  minimum  size  of  nano-porous  structure  is 
achieved  to  be  35.2nm  up  to  date  with  this  laser  dealloying 
hybrid  method.  The  porosity  and  specific  surface  area 
could  be  as  high  as  70%  and  65.3  m^/g  separately. 

The  Nano-porous  Cu-Mn  structure  is  electrolessly 
plated  of  Ni  to  form  a  nano-porous  Cu-Ni  composite  coat¬ 
ing,  with  also  high  porosity  and  specific  surface  area.  The 
pore  size  and  porosity  of  the  nano-porous  Cu-Ni  composite 
coating  decreases  with  the  increase  the  plating  time.  The 
Cyclic  voltammetry  curves  indicate  that  both  the  nano- 
porous  Cu  coatings  and  the  nano-porous  Cu-Ni  composite 
coatings  have  electrochemical  catalysis  properties,  which 
could  be  used  as  hydrogen  storage  electrodes.  The  compos¬ 
ite  coatings  from  Cu25Mn75  nano-porous  copper  coatings 
with  20  minute  Ni  plating  have  the  best  catalysis  properties, 
its  oxidation  peak  current  density  up  to  about  60  mA/cm^. 
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